ABSTRACT: Copper(II) complexes are extremely labile with typical ligand exchange rate constants on the order of 10 6 −10 9 M −1 s −1 . As a result, it is often difficult to identify the actual formation mechanism of these complexes. In this work, using UV−vis transient absorption when probing in a broad time range (20 ps to 8 μs) in conjunction with DFT/TDDFT calculations, we studied the dynamics and underlying reaction mechanisms of the formation of extremely labile copper(II) CuCl 4 2− chloro complexes from copper(II) CuCl 3 − trichloro complexes and chloride ions. These two species, produced via photochemical dissociation of CuCl 4 2− upon 420 nm excitation into the ligand-to-metal-charge-transfer electronic state, are found to recombine into parent complexes with bimolecular rate constants of (9.0 ± 0.1) × 10 7 and (5.3 ± 0.4) × 10 8 M −1 s −1 in acetonitrile and dichloromethane, respectively. In dichloromethane, recombination occurs via a simple one-step addition. In acetonitrile, where [CuCl 3 ]
I. INTRODUCTION
It is well-known that copper plays an important role in metabolism of living organisms, for example, plastocyanin takes part as an electron donor species in the photosynthesis of the photosystem I in plants and bacteria. 1 Electron and energy transport processes of this and several other copper-containing proteins have been the focus of many recent studies. 2−4 In general, these transfer properties are associated with the ability of a copper ion to change its oxidation number reversibly. 3 However, plastocyanin is a rather complicated system for studying the photoinduced transformation of the copper proteins. On the other hand, copper(II) chloro complexes are known as model compounds to understand the photochemistry of more complex copper species, and potentially, they can be useful for better understanding of copper proteins. 5, 6 One of the most important aspects of coordination chemistry is formation dynamics of metal complexes, which usually involves ligand substitution (or exchange) processes. This means that it is necessary to know the ligand exchange mechanism of metal complexes in various environments to better understand the reactivity of metal ions in biology and biochemistry. There is a number of studies describing ligand exchange processes in nonaqueous solutions 7−9 and polymers, 10 but the ligand exchange processes have been best studied in aqueous solutions. 9,11−13 Substitution processes in nonaqueous media are of interest because of synthetic applications. Ligand substitution kinetics of transition metals, e.g., manganese, 14 chromium, 11 nickel, 12 cadmium, 15 and others, 16 attract a great deal of attention and have been actively studied. Moreover, photoinduced structural rearrangements of metal complexes also raise a lot of interest. 17 Depending on ligand exchange reaction rates, metal complexes are classified into two categories: 18 inert complexes, where ligand exchange is slow (rate constants, <10 proposed classifying the mechanisms of ligand exchange reactions into associative, dissociative, and interchange mechanisms. The associative mechanism (A) involves the reaction intermediate species with the coordination number larger than that of the initial complex due to association with the incoming ligand. On the contrary, the dissociative mechanism (D) involves dissociation of a ligand with formation of the intermediate species, which coordination number is smaller than that of the initial complex. The case between these two extremes is the interchange mechanism (I) that usually proceeds through a manifold of transition states separating intermediate complexes, which cannot be kinetically detected. Interchange mechanisms range from associative interchange (I A ), in which the bondmaking is of greater importance, to interchange (I), in which bond-making and bond-breaking processes are equally important, and to dissociative interchange in which bond-breaking is predominantly important (I D ). 7 The A, I A , and I D mechanisms are common for four-, 8 five-, 7 and six-coordinated 9 copper(II) complexes, respectively.
The experimental kinetic data for copper complexes are extremely limited despite the fact that the thermodynamics of copper(II) ion complexation is studied rather well. 20−24 The kinetics of a large number of stable, inert complexes of the transition metals can be studied by spectrophotometric methods. 15 But, due to combination of Jahn−Taller distortion and fast reorientation of the distortion axis, copper(II) complexes are extremely labile with typical ligand exchange rate constants on the order of 10 6 −10 9 M −1 s −1 , 7,9,25−27 and as a consequence, conventional spectrophotometric methods fail to resolve the course of structural changes from reagents to products in copper(II) ligand exchange reactions.
High-pressure NMR spectroscopy is one of the most informative and useful methods for describing the exchange mechanism of labile complexes. 28, 29 The results obtained by NMR studies can be supported by quantum chemical calculations. 11 For example, DFT, as one of the most reliable low-cost computation methods, 30 allows us to evaluate the thermodynamics and structural changes during the course of the reaction, and thus, provides enough information to interpret the reaction mechanism. Another useful experimental method for measuring ligand exchange rates and establishing the involved reaction mechanism is temperature-jump (T-jump) timeresolved transient mid-IR absorbance spectroscopy. 13 This method is based on local ultrafast heating of the substance under investigation, resulting in the equilibrium shift from initial complexes to product complexes. The T-jump method has a significantly better time resolution (5 ps) 31 than NMR spectroscopy (several nanoseconds) and, therefore, is more suitable for studying ligand exchange reactions of extremely labile complexes such as copper(II) compounds. In this work, we demonstrate the power of studying the formation dynamics of very labile complexes by using picosecond and nanosecond UV− vis transient absorption spectroscopies in conjunction with DFT calculations. For this study, we selected copper(II) tetrachloro complexes for several reasons. To begin with, photolysis of [CuCl 4 ] 2− results in ionic dissociation without any reduction of copper(II) ions, 32, 33 so that the subsequent recombination of ionic fragment species can be exclusively monitored using transient absorption spectroscopy. Next, this complex has a tractable size for quantum-chemical calculations. Also, [CuCl 4 ] 2− is soluble in both polar and nonpolar solvents, which makes it possible to study ligand substitution in solvents with different donor properties, i.e., different abilities of the solvent to coordinate to the metal ion (for example, dichloromethane and acetonitrile, which are characterized by donor numbers of 1 and 14.1, 34 respectively). A small size of a chloride ligand minimizes the role of steric effects in these reactions.
Herein, the photochemistry of [CuCl 4 ] 2− complexes is studied in two solvents of different donor properties, namely, dichloromethane and acetonitrile, by means of UV−vis transient absorption spectroscopy with probing from several picoseconds to several microseconds, and density functional theory (DFT) and time-dependent density functional theory (TDDFT) calculations. We focus on the recombination reactions of the ionic dissociation products assigned, on the basis of this work, to ligand exchange and ligand addition in acetonitrile and dichloromethane, respectively.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
Copper(II) perchlorate hexahydrate (98%), tetraethylammonium chloride (>98%), dichloromethane (HPLC grade, anhydrous), and acetonitrile (>99.5%, anhydrous) were purchased from Sigma-Aldrich. Tetraethylammonium chloride was dried in a vacuum oven at 110°C for 10 h. All experiments were performed in acetonitrile and dichloromethane. The series of solutions were prepared for nanosecond transient absorption experiments. In these solutions the concentration of copper(II) ions in the form of copper(II) perchlorate was kept constant at 0.1 mM in both solvents. On the contrary, the concentration of chloride ions in a form of tetraethylammonium chloride was varied to be 10, 20, 50, and 100 mM in acetonitrile and 1, 2, 5, and 20 mM in dichloromethane. The ion ratio affects the ligand substitution process; therefore, we changed the mole ratio of Cu(II):Cl − to study the kinetics of ligand exchange mechanism. For picosecond experiments, we prepared the separate solutions in acetonitrile and dichloromethane in which the concentrations of Cu(II) and Cl − were 0.5 and 100 mM, respectively. UV−vis− NIR−IR absorption spectra of the solutions were measured using a Varian Cary 50 UV−vis spectrophotometer. All spectroscopic measurements were performed at 21°C.
Picosecond transient absorption spectra were measured using the previously described setup based on a regeneratively amplified Ti:sapphire laser system (800 nm, 100 fs, and 1 kHz). 32 An optical parametric amplifier (OPA) was used to generate 420 nm excitation ("pump") pulses with the energy of 9 μJ pulse −1
. White-light continuum probe pulses in the 340−760 spectral range were generated by focusing the 800 nm light into a 3 mm thick CaF 2 window. The probe light was focused onto the sample to a 160 μm diameter spot and overlapped at an angle of 6°with the pump light focused to a 460 μm diameter spot. Transient absorption kinetic traces were measured simultaneously within 274 nm spectral intervals using a spectrograph/ dual-diode (analyzing/reference) array detector. The polarization of the pump and probe light was set at the magic angle (54.7°) with respect to each other. The solutions were circulated through a 2 mm Spectrosil UV quartz flow cell.
Nanosecond transient absorption spectra were measured using a Proteus spectrometer (Ultrafast Systems) coupled with a nanosecond Nd:YAG laser/OPO system (Opotek, Vibrant LD 355 II, 410−2400 nm, 5 ns, and 10 Hz). The Proteus spectrometer was equipped with a 150 W Xe arc lamp (Newport) used as a probe-light source, a monochromator (Bruker Optics), and a Si photodiode (Thorlabs, DET 10A). The Nd:YAG laser/ OPO system was set up to generate 420 nm excitation ("pump") pulses with the energy of 3 mJ pulse −1 . Transient absorption signals were measured in the transverse geometry in which the probe was made to pass through a 1 cm path length quartz cell filled with the sample solution. The 1024 kinetic traces at a single probe wavelength were averaged and then analyzed using Origin 9.0 software.
The geometries of the following species were optimized using DFT (B3LYP/6-31G 2− correspond to ligand-to-metal charge-transfer (LMCT) transitions. 20, 21, 32, 36, 37 The shape and position of the LMCT bands are observed to be similar for acetonitrile and dichloromethane with only a small spectral shift of the absorption maxima. Steady-state absorption spectra of other solutions used in the nanosecond experiments demonstrate that the majority of copper(II) exists in the form of , the predominant form in these solutions, is promoted into the LMCT excited state. Then, the minor fraction of the LMCT-excited complex undergoes ionic dissociation whereas the major one returns to the ground state via internal conversion, which involves the relaxation to the vibrationally hot ground and ligand-field exited states. The lifetime of LMCT excited state is less than 500 fs and the short-time transient absorption spectra (0.5−20 ps) of [CuCl 4 ] 2− are dominated by the absorption of ligand-field excited states. 32, 33 The ligand-field excited states have a lifetime less than 5 ps, and therefore, they fully decay at 20 ps after excitation. Starting from 20 ps, the transient absorption spectra do not change in both the solvents investigated over the full delay time range (1 ns) employed in these experiments, Figure 2 . In acetonitrile, these ΔA spectra consisting of the 350−380 and 465 nm ΔA bands (induced absorption) and the negative bleach centered at 405 nm were previously assigned 32, 33 to the formation of copper(II) trichloro complexes, the product of ionic dissociation:
The ΔA spectra of [CuCl 4 ] 2− in dichloromethane in the 20 ps to 1 ns time range are similar to those in acetonitrile and, therefore, can also be assigned to the formation of copper(II) trichloro complexes.
Nanosecond Transient Absorption Spectroscopy. For the nanosecond transient absorption measurements, we used solutions containing 0.1 mM Cu(ClO 4 ) 2 and x mM NEt 4 Cl (where x varies from 10 to 100 in acetonitrile and from 1 to 20 in dichloromethane), Figures 3−5. At 50 ns after 420 nm excitation of acetonitrile and dichloromethane solutions, the ΔA spectra are found to be similar, consisting of the 350−380 nm feature, the 465 nm ΔA band (shifted to 470 nm in dichloromethane), and the 405 nm negative bleach (Figure 3 ). The induced absorption bands decays to zero concurrently with recovery of the groundstate bleach and without any spectral reshaping. The decay of the ΔA bands is single-exponential, ΔA(t) = ΔA 0 ·e −k obs t (Figure 4 and 5), where the pseudo-first-order rate constant (k obs ) is found to linearly depend on the concentration of NEt 4 Cl, k obs = k q · [NEt 4 Cl], Figure 6 . On the basis of the k obs values resulting from these single-exponential fits, the bimolecular rate constants, k q , are evaluated to be (9.0 ± 0.1) × 10 The Journal of Physical Chemistry B Article Diffusion-Controlled Rate Constants. Diffusion-controlled rate constants, k D , for the possible reactions between copper(II) chloro complexes were estimated using Smoluchowski relationship for neutral species and Debye theory for ions, 27, 38 (2) . This energy barrier is significantly lower than that for the dissociative mechanism. Therefore, according to the DFT calculations, the ligand exchange reaction (eq 2) proceeds through the associative mechanism (eqs 4a,b). − and chloride ions, eq 5.
The potential energy barrier of this recombination reaction is computed to be equal to 25.0 kJ mol
. Figure 10 shows the computed energy profile.
IV. DISCUSSION
Forms of the Complexes. As shown in the previous studies, a [ ) tetrachloro complexes agree with the steady-state spectra, Figure 1 and Table 2 . Similarly to copper(II) chloro complexes, tetraethylammonium chloride species, which are the source of chloride ions, are present as NEt 4 + Cl − ion pairs in dichloromethane solutions and as fully separated ions in acetonitrile solutions (association constants, K a = 12 and 92 000 M 2− complexes in the LMCT excited states. Indeed, quantum yields of the formation of copper(I) complexes, products of the radical dissociation do not exceed 0.5% 32, 44 and are significantly smaller than quantum yields of the formation of the ionic dissociation products. However, due to high lability intrinsic to copper(II) complexes the ionic dissociation products quickly recombine to re-form the parent complexes, whereas the radical dissociation products undergo further reactions forming long-lived photoreduction products, which include stable copper(I) complexes.
Excitation at 420 nm predominantly causes the 2 E Cl(n)→Cu(d xy ) LMCT transition in the [CuCl 4 ] 2− complex. 33 The populated Franck−Condon LMCT state is repulsive, leading to the Cu−Cl bond breaking and the formation of copper(II) trichloro complex and chloride ion products. 32, 33 In the previous studies, the 20 
The lack of change of the ΔA spectra after 20 ps demonstrates that the initially formed [ − cannot be determined because the short-time ΔA spectra are dominated by intense ligand-field excited-state absorption. 32, 33 The 20 ps to 1 ns ΔA spectra of dichloromethane solutions are similar to those in acetonitrile solutions, albeit with a small solvatochromic shift of the 465 nm band to 470 nm, and can analogously be assigned to ligand loss by (NEt 4 + ) 2 ) complexes is unlikely. The spectral shape of the nanosecond ΔA spectra is similar to the shape of the picosecond ΔA spectra in both acetonitrile and dichloromethane, Figure 3 . This observation is evidence that starting from 20 ps up to several microseconds, the product copper(II) species exist in the single form in these two solvents, [CuCl 3 CH 3 CN] − and (NEt 4 + )(CuCl 3 − ). The positive ΔA bands decay single-exponentially to the zero signal level concurrently with the ground-state bleach recovery and without spectral shape change, revealing a single process, namely, the recombination reaction of copper(II) trichloro complexes and chloride ions into parent copper(II) tetrachloro complexes (eqs 2 and 8):
The recombination pseudo-first-order rate constants linearly depend on the concentration of NEt 4 Cl, Figure 6 :
The bimolecular rate constants, k q , are equal to (9.0 ± 0. 7 The observation that the ligand recombination rate constant linearly depends on the concentration of the incoming ligand, the chloride ion, implies that the ligand exchange reaction (eq 2) proceeds either through the associative or associative interchange mechanisms (eqs 4a,b). In our experiments, only the single form of copper(II) trichloro complex is observed whereas intermediate species are not kinetically detected, which leads to the conclusion that ligand exchange between a [CuCl 3 CH 3 
CN]
− complex and a Cl − ion is described by the associative interchange mechanism. The proposed mechanism is supported by the DFT calculations. In both the associative and dissociative mechanisms (eqs 3a,b and 4a,b), the first steps, which, correspondingly, are addition of the chloride ion and elimination of the acetonitrile molecule, are rate-limiting as they are controlled by large potential energy barriers (30.5 and 54.5 kJ mol − complex and a Cl − ion the associative mechanism is favorable.
In dichloromethane, recombination of copper(II) trichloro complexes and chloride ions to parent copper(II) tetrachloro complexes (eq 5) is a simple one-step addition reaction. According to the DFT calculations, the potential energy barrier for this reaction is 25.0 kJ mol ) because lowering the energy barrier typically accelerates the reaction. Slower recombination in acetonitrile than in dichloromethane can be explained by steric/geometrical factors. The addition of a chloride ion to a tricoordinated [CuCl 3 ] − in dichloromethane (eq 5) does not seem to involve significant geometry rearrangement of the reactant species because at the energy maximum, the CuCl 3 moiety has the same geometry as in the initial [CuCl 3 ]
− complex. Therefore, the potential energy barrier of the addition arises as the result of columbic repulsion between two negatively charged ions, Figure  10 and Table 3 . At the same time, the potential energy barrier for the addition of a chloride ion to a tetracoordinated [CuCl 3 CH 3 
− in acetonitrile (eq 4a) is due to both columbic repulsion between two negatively charged ions and steric factors because in the maximum energy geometry, the CuCl 3 CH 3 CN fragment has a geometry significantly different from that of the initial [CuCl 3 CH 3 CN] − complex, Table 4 . This implies that additional energy is required for the addition in acetonitrile. 
The proposed mechanism is supported by the DFT calculations. The calculated value of the activation energy for the rate-limiting step, which is the addition of Cl − , is about 30.5 kJ mol −1 . In dichloromethane, the recombination of copper(II) trichloro complexes and chloride ions into copper(II) tetrachloro complexes takes place via a simple one-step addition:
According to our DFT calculations, the potential energy barrier for this reaction is 25.0 kJ mol −1 . The recombination in acetonitrile requires a larger energy barrier compared with that in dichloromethane due to steric/geometrical factors. This trend correlates to that for the recombination bimolecular rate constants, which are observed to be larger in dichloromethane than in acetonitrile.
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